Abstract:
INTRODUCTION
Municipal solid waste incineration (MSWI) bottom ash contains fewer toxic substances than MSWI fly ash and so has potential construction applications. It has been reported that MSWI bottom ash can be used as a supplementary cementitious material [1 -3] or as an aggregate in concrete production [4, 5] . It is also known that MSWI bottom ash contains a variable concentration of metallic aluminum [6, 7] , since household wastes typically contain aluminum products. Autoclaved aerated concrete (AAC) commonly uses aluminum powder as an aerating agent and so MSWI bottom ash could possibly be employed as an aerating agent in AAC production. Our group [8] has previously prepared AAC using MSWI bottom ash as the aerating agent together with ordinary pulverized coal combustion (PCC) fly ash as the siliceous material, producing AAC formulations with density values ranging from 600 to 800 kg/m 3 . Because aluminum powder represents about 10% of the total raw ingredient cost of AAC, the use of MSWI bottom ash as an aerating agent would lower the cost of AAC.
To further reduce the cost of AAC production, employing circulating fluidized bed combustion (CFBC) fly ash as siliceous material could be considered. PCC fly ash has been widely used in construction applications, such that supply often falls short of demand in China, while CFBC fly ash is not as popular. This may be primarily attributed to the disadvantages of CFBC fly ash. For example, although CFBC fly ash contains high levels of active SiO 2 and Al 2 O 3 that are similar to those in PCC fly ash, it also contains an appreciable quantity of unburnt carbon that can lower the waterreducing efficiency when CFBC fly ash is employed as a mineral admixture in concrete. Moreover, CFBC fly ash typically contains high levels of anhydrite, such that its proportion in Portland cement is limited by Chinese national standards [9] . Although CFBC fly ash is thus unfit for use as a supplementary cementitious material in concrete production, it appears that it could potentially be used in AAC production based on several advantages. Firstly, CFBC fly ash is only half the price of PCC fly ash in China. Secondly, dihydrate gypsum is an indispensable constituent of AACs containing PCC fly ash, while AACs containing CFBC fly ash would theoretically not require the addition of dihydrate gypsum, because the properties of anhydrite are similar to those of dihydrate gypsum [10, 11] . It is also helpful that the destructive expansion of the anhydrite in CFBC ash can be effectively controlled by autoclave curing [12, 13] , and so it appears that CFBC fly ash could be employed for AAC production. This formulation would not only lower the overall cost of the AAC raw materials but would also simplify the production process and so reduce the cost of AAC production.
In addition to cost savings, there is another reason to consider the substitution of CFBC fly ash for PCC fly ash. CFBC technology has the advantages of energy savings and fuel adaptability over PCC technology, and so CFBC boilers have been installed in many countries [14] . The amounts of CFBC fly ash being generated are thus constantly increasing. As a result, PCC fly ash is not always readily available, while in some cases there is an abundant supply of CFBC fly ash. Thus, there are also practical benefits of studying the use of CFBC fly ash in AAC production. To our knowledge, few studies have reported AACs produced from MSWI bottom ash and CFBC fly ash. In the present work, we prepared AACs using MSWI bottom ash and CFBC fly ash as the aerating agent and siliceous material, respectively, and studied the properties of the resulting AACs. This work aims to evaluate the feasibility of producing AAC from a combination of MSWI bottom ash with CFBC fly ash. 
MATERIALS AND METHODOLOGY

Materials
The water-quenched MSWI bottom ash used in this work was oven dried at 105 °C for 2 h and then milled for 12 min in a planetary mill (Fritsch PULVERISETTE 5). The CFBC fly ash was used as received. The size gradation curves of the CFBC fly ash and of the ground MSWI bottom ash were obtained using a laser particle size analyzer (Malvern Mastersizer 2000F) and are presented in Fig. (1) . It can be seen that the particle size distributions of these two materials were similar. Table 1 summarizes the average grain size, density and strength activity index (at 28 days) of the two ashes. The MSWI bottom ash had a higher average grain size and density but lower pozzolanic activity as compared with the CFBC fly ash. Here it is evident that the main crystalline minerals in the CFBC fly ash were quartz and anhydrite, while the MSWI bottom ash primarily contained quartz and calcite. Metallic aluminum was not detected in the MSWI bottom ash, owing to the very low concentration.
The lime used in this study was obtained by firing analytical grade CaCO 3 at 1100 °C for 2 h, based on a literature procedure [15] . Class PI 52.5 Portland cement was supplied by the Lafarge Cement Factory in Singapore.
Methods
Determination Of Metallic Aluminum Content In MSWI Bottom Ash
The principle of gas collection over water was employed to determine the amount of hydrogen generated from MSWI bottom ash, based on a literature procedure [8] . Fig. (3) shows the apparatus used to measure hydrogen volumes. In these trials, 50 mL of a 1 M NaOH solution was transferred to a 250-mL three-neck flask and heated to 70 °C in a water bath, after which approximately 5 g of ground MSWI bottom ash was added to the flask. Subsequently, the feeder nose was covered and the resulting mixture was agitated to ensure that the ash was uniformly dispersed. Finally, the hydrogen volume at predetermined time points was measured over a span of 60 min. The ambient temperature during these tests was 23 °C. It should be noted that the CFBC fly ash used in this study was produced from the combustion of raw coal and so contained almost no metallic aluminum, such that hydrogen was generated solely by the aluminum in the MSWI bottom ash. Based on the metallic aluminum content in the ash, the aluminum proportions in the AAC formulations provided in Table 3 were 0, 0.048, 0.096, 0.192 and 0.288% (by mass), respectively. Table 3 presents the formulations of ACCs containing MSWI bottom ash and CFBC fly ash. The MSWI bottom ash had a lower silica content than the CFBC fly ash (as seen in Table 2 ) and also contained a significant amount of metallic aluminum (as determined from Fig. (4) ). The MSWI bottom ash was thus theoretically suited for use as both an aerating agent and a silica source for the production of AAC, although it was used primarily as the aerating agent in this work. In contrast to common concrete, the properties of AAC are chiefly governed by its porosity, and this will change based on the degree of air entrainment. In addition, the air entrainment can be effectively regulated by changing the proportion of MSWI bottom ash to CFBC fly ash. As stated earlier, the anhydrite in CFBC fly ash can play the same role as dihydrate gypsum and so the AAC need not include dihydrate gypsum. When producing test samples, a mixture of CFBC fly ash and water was heated to 60 °C and agitated for 2 min. Cement and lime were then added according to their predetermined proportions and the slurry was stirred for another 2 min. Subsequently, MSWI bottom ash (acting as the aerating agent) was added to the slurry followed by additional stirring for 50 s. The slurry was then poured into stainless steel molds to produce test specimens. Prism-shaped molds with dimensions of 25 by 25 by 280 mm were used for the drying shrinkage tests while 20-mm cubic samples were used for all other tests including density, compressive strength and microstructural analysis [8] . Once in the molds, the samples were steam-cured at 60 °C for 2 h, then removed from the molds and autoclaved at 185 °C and approximately 1 MPa for 6 h. Finally, all samples were cured under ambient temperature and pressure for 7 days before testing. Microstructure characterization of the AAC hydrates as well as the assessments of density, compressive strength and drying shrinkage were carried out based on previously published procedures [8, 16] . Fig. (5) presents the XRD patterns of the AACs produced in this work from MSWI bottom ash and CFBC fly ash. These patterns show that the primary crystalline minerals in the hydrated AACs included tobermorite and quartz. No calcium silicate hydrate (CSH) phase was detected because XRD analysis is ineffective at identifying this type of compound. The diffraction intensity of the quartz in the AACs decreases with increases in the MSWI bottom ash to CFBC fly ash ratio. This may be attributed to the lower SiO 2 content of the MSWI bottom ash compared with the CFBC fly ash, as seen in Table 2 . Finally, the XRD patterns of the five AACs are seen to be similar, indicating that the ratio had a negligible effect on the hydrates formed. Fig. (6) . SEM images of ACC0, AAC2 and AAC4 specimens. Fig. (6) presents scanning electron microscopy (SEM) images of the AAC0, AAC2 and AAC4 samples. Here, it is evident that tobermorite crystals were present in the AACs, and that the MSWI bottom ash to CFBC fly ash ratio had an insignificant effect on the tobermorite size. The MSWI bottom ash tends to generate tobermorite crystals that are both denser and more uniform. This may be attributed to the higher density of the MSWI bottom ash compared with the CFBC fly ash, as shown in Table 1 .
Sample Preparation
RESULTS AND DISCUSSION
Microstructure Analysis
The reaction between SiO 2 and CaO that generates tobermorite occurs during the hydrothermal processes that take place throughout autoclaving. The MSWI bottom ash contains less SiO 2 than the CFBC fly ash ( Table 2) , so the various AAC samples will consequently have differing SiO 2 concentrations; therefore, some changes in the chemical reaction environment during tobermorite generation would be expected. However, our results demonstrate that these changes had a negligible effect on the resulting morphology of the tobermorite. Fig. (7) . Density values of AAC samples.
Fig. (8).
Compressive strength values of AAC samples. MSWI bottom ash to CFBC fly ash ratio. As shown in Table 1 , the MSWI bottom ash had a higher density than the CFBC fly ash, and so the trend in Fig. (7) may be primarily attributed to the increasing porosity of the AACs. The metallic aluminum in the AACs also increased with the ratio and so the amount of hydrogen generation was elevated.
Density
The density values of samples AAC1 to AAC4 ranged from 869.2 to 614.5 kg/m 3 , suggesting that these materials would possess excellent thermal insulation properties. Fig. (8) shows the compressive strengths of the AACs. The strength evidently decreased with increases in the MSWI bottom ash to CFBC fly ash ratio, because compressive strength is closely related to density. The compressive strength of the AACs was thus primarily governed by the porosity of each material; defects commonly increase with increases in porosity and compressive strength thus decreases.
Compressive Strength
Additionally, compared with AAC containing PCC fly ash [8] , AAC containing CFBC fly ash has a significantly higher compressive strength at a given density. This may be attributed to the greater pozzolanic activity of CFBC fly ash [17, 18] . When formulating AAC, the goal is to minimize the density while still providing sufficient strength, even though strength commonly decreases with decreasing density. That is to say, strength and density are to some extent mutually exclusive properties, such that acceptable compromises between the two are not easily reached. However, it appears that this challenge can be addressed by using CFBC fly ash in AAC production. Fig. (9) describes the drying shrinkage of the AAC0, AAC2 and AAC4 specimens. The general trend indicates that drying shrinkage increased with increasing drying time and plateaued at approximately 15 days. The drying shrinkage of the AACs also increased at higher MSWI bottom ash to CFBC fly ash ratios. This effect may be primarily attributed to the increasing porosity of the AACs at higher ratios, because moisture loss on drying is accelerated at elevated ratios. Finally, the strength values of the AACs decreased with increases in the ratio, and so resistance to drying shrinkage was reduced. According to the Chinese national standard, the drying shrinkage of AAC must not exceed 0.50 mm/m [16] and the results in Fig. (9) therefore indicate that the AAC specimens exhibited satisfactory volume stability.
Drying Shrinkage
From the aforementioned results, it can be concluded that AACs with desirable properties can be successfully prepared from a combination of MSWI bottom ash and CFBC fly ash.
The purpose of using AAC is to minimize the density of concrete while still providing the necessary degree of strength [19] , and so formulations with density values ranging from 600 to 800 kg/m 3 are more practical with regard to construction applications. Based on this, we propose that the optimum MSWI bottom ash to CFBC fly ash ratio lies in the range of 40/30 to 60/10.
CONCLUSION
This work assessed the feasibility of producing AAC by combining MSWI bottom ash with CFBC fly ash. Several conclusions can be drawn from the results.
Firstly, AAC with satisfactory properties can be made using only MSWI bottom ash, CFBC fly ash, cement and lime in the appropriate proportions, even without the additions of dihydrate gypsum and aluminum powder. Secondly, the concentration of MSWI bottom ash is inversely proportional to the compressive strength, density and volume stability of the resulting AAC. This may be attributed to the increasing extent of air entrainment with increasing MSWI bottom ash levels. Lastly, the optimum ratio of MSWI bottom ash to CFBC fly ash ranges from 40/30 to 60/10.
